Abstract Findings in BRCA1 mutation carriers suggest that physical activity, particularly during childhood, may be linked to a reduced risk of developing breast cancer. We investigated whether physical activity at puberty alters the expression of BRCA1 and two other tumor suppressor genes-p53 and estrogen receptor (ER)-b-in rats. In addition, the effects on ER-a expression, mammary proliferation and functional epithelial differentiation were investigated as markers of altered mammary cancer risk in rats exposed to regular physical activity at puberty. Female Sprague Dawley rat pups were randomized to voluntary exercise, sham-exercise control and nonmanipulated control groups. Treadmill training (20-25 m/min, 15% grade, 30 min/day, 5 days/week) started on postnatal day 14 and continued through day 32. Third thoracic mammary glands (n = 5 per group and age) were obtained at days 32, 48 and 100 and assessed for changes in morphology through wholemounts, and at 100 days cell proliferation by using Ki67 staining, protein levels of ER-a and ER-b by immunohistochemistry, and mRNA expression levels of BRCA1, p53, ER-a and ER-b by real-time PCR. Mammary glands of rats exposed to exercise during puberty contained fewer terminal end buds (TEBs) and a higher number of differentiated alveolar buds and lobules than the sham controls. However, cell proliferation was not significantly altered among the groups. ER-a protein levels were significantly reduced, while ER-b levels were increased in the mammary ducts and lobular epithelial structures of 100-day old rays which were voluntarily exercised at puberty, compared to sham controls. ER-b, BRCA1 and p53 mRNA levels were significantly higher in the mammary glands of 100-day-old exercised versus sham control rats. Pubertal physical activity reduced mammary epithelial targets for neoplastic transformation through epithelial differentiation and it also up-regulated tumor suppressor genes BRCA1, p53 and ER-b, and reduced ER-a/ER-b ratio in the mammary gland. It remains to be determined whether the up-regulation of BRCA1, and perhaps p53, explains the protective effect of childhood physical activity against breast cancer in women who carry a germline mutation in one of the BRCA1 alleles.
Introduction
Numerous epidemiological studies have shown that engagement in physical activity during certain periods of life has a protective effect against sporadic breast cancer development: women who exercised during adolescence, menopause or throughout their life exhibit a reduction in breast cancer risk [1] . A meta-analysis of 19 case-control and four cohort studies indicated a dose-dependent, inverse relationship between physical activity during adolescence and breast cancer susceptibility [2] . Interestingly, physical activity during adolescence also significantly delayed breast cancer development in women with germline mutations in the breast cancer 1 (BRCA1) gene [3] . The effects of physical activity on the breast might be related to a reduction in circulating hormone and growth factor levels, including estrogens, leptin and insulin-like growth factors [4] [5] [6] . Further, hormonal status may modify the effects of physical activity as the reduction in risk is more strongly evident in postmenopausal women, while inconsistent in pre-menopausal women [7] [8] [9] . BRCA1 and BRCA2 tumor suppressor genes are the most important breast cancer susceptibility genes identified thus far in familial breast cancer [10] . Although these genes are practically never mutated in sporadic breast cancer, BRCA1 has been shown to be down-regulated frequently [11, 12] , suggesting that BRCA1 haploinsufficiency potentially could increase sporadic breast cancer risk. Conversely, increased BRCA1 expression has been associated with increased mammary gland differentiation in rodents [13, 14] , which in turn is linked to reduced mammary cancer risk [15] . BRCA1 has many roles in the breast: it is involved in the maintenance of genomic integrity, DNA replication and repair, chromatin remodeling, and it also functions as a transcriptional regulator [16, 17] . In cell-based assays, wild-type BRCA1 inhibits proliferative signaling induced by activation of estrogen receptor (ER)-a by blocking the receptor's transactivation function [18] . Moreover, BRCA1 and ER-a have been shown to interact directly at the protein level [19] . These studies indicate that BRCA1 is a negative regulator of ER-a.
p53, another tumor suppressor gene, is one of the most commonly mutated genes in human cancers. Alterations to the p53 protein contribute to neoplastic transformation through several mechanisms including changes in DNA repair, apoptosis, cell cycle regulation, angiogenesis and metastasis [20] . Germline mutations of p53 markedly elevate the risk of early-onset (\45 years) breast cancer in association with Li-Fraumeni disease [21] , and sporadic p53 mutations account for nearly 20% of breast carcinomas [22] . p53 has been shown to interact directly with BRCA1 [23] , and loss of the p53 protein is a critical event in the pathogenesis of tumors in BRCA1 mutation carriers [24] . p53 is also a negative regulator of ligand-activated ER-a transactivation, by directly binding to several domains within ER-a and blocking the receptor's binding to estrogen response elements [25] .
The rodent mammary gland model provides important parallels to the growth and development of the human breast and breast cancer pathology [26] . In adult rats, the mammary gland is comprised of stromal and adipose tissues surrounding a ductal network of parenchyma. The main duct, which connects to the nipple at one end, branches out radially into lobular units at the other end. Each unit further arborizes into smaller ductules and ends in terminal lobes. The most immature form of the terminal lobes is the terminal end buds (TEBs), which attain their maximum number at 21 days [27] . Under the influence of each estrus cycle, beginning around 32-36 days in rats, the TEBs begin to cleave three to five times, differentiating into alveolar buds (ABs), which further differentiate into lobules. The mammary gland undergoes additional, unique maturation during pregnancy and lactation. It finally regresses during menopause and thereafter (for review, see [15] ). The rodent TEBs and their human equivalent, the terminal ductal lobular unit (TDLU), are significant in that they are maximally susceptible to carcinogens, given their high population of rapidly dividing cells [27] . In rodents, TEBs are the structures that give rise to 7,12-dimethybenz[a]anthracene (DMBA)-induced malignant mammary tumors [27] . In women, most breast tumors arise within TDLUs [28] .
Maturation of the mammary gland involves a complex interplay of signaling factors, among which are the estrogens and their receptors. To date, two major ER isoforms have been identified in the mammary glands which mediate the action of estrogens: ER-a and ER-b. ER-a induces proliferation of the mammary tissue, although how this happens is not clear since the proliferating mammary cells do not contain this receptor [29] . ER-b is believed to be a potent attenuator of ER-a trans-activation in the mammary gland, presumably through its dominant negative effect as a heterodimeric partner of ER-a [30] . Data from a number of tissue culture assays [31] , microarray analyses [32, 33] , and, in particular, ER-b null mice [34] , generally support a role as a cell proliferation inhibitor for ER-b.
In the present study, we investigated, by utilizing a rat model, whether prepubertal physical activity influences mammary gland morphology and/or the expression of BRCA1 and p53 as well as the ER-a and/or ER-b levels.
Materials and methods

Animals
The AMC Cancer Research Center Institutional Animal Care and Use Committee approved all animal research and the experiments were performed following the National Institutes of Health guidelines for the proper and humane use of animals in biomedical research. Pregnant female Sprague-Dawley rats were obtained from Harlan Teklad (Organ, WI, USA) on gestation day 14 and housed singly at 72 o F, 50% humidity, on a 12 h light/dark cycle. Semipurified AIN93G diet and distilled water were provided ad libitum. Pups were weaned at postnatal day 21, and housed in groups of three female rats per cage.
Physical activity exposure
Female pups were stratified by weight into three groups; exercise (n = 32), sham-exercise (n = 31), and out of room control (n = 30). The exercise and sham exercise were initiated at postnatal day 14 and terminated at day 32, consisting of a total of 14 training sessions. Training was conducted during the rats' dark cycle under red light. Exercise training consisted of motorized treadmill running (17.5-20 m/min, 30 min/day, 15% grade, 5 days/ week). Rats were gradually acclimated to running by increasing speed and duration. Within 7 days, all rats were completing the full 30 min of exercise. Mild electric shock was available, but was not used. Sham exercise consisted of placing rats on a stationary treadmill set at 15% grade for the same duration as the exercise rats. The out of room control rats were housed in a separate room from the treadmills and exercise and sham rats. They were not handled 5 days per week like the exercise and sham rats. Standard animal husbandry practices were maintained.
Mammary gland morphology by whole mount analysis
Third thoradic mammary glands were obtained from five rats per group and age, at days 32, 48 and 100. The harvested glands were stretched on a microscopic slide and placed into a mammary gland fixative solution which contained 25% glacial acetic acid (EM Science, Gibbstown, NJ) and 75% ethanol (Fisher Scientific Co.) for overnight. Mammary glands were then washed in 70% ethanol for one day and stained in carmine aluminum overnight. The next day, the glands were washed again by leaving them to 70% ethanol overnight, followed by additional washing in 95% and 100% ethanol, and then placed in xylene (Fisher Scientific Co.). Glands were covered with Permount (Fisher Scientific Co.) and coverslipped.
Mammary wholemounts were analyzed blindly by two independent investigators using an Olympus Vanox-S microscope (Olympus America, Inc.). The structures of the mammary glands were evaluated in a double-blind manner. The presence of alveolar buds (ABs) in 3-weekold pups and lobulo-alveolar units (LAUs) in 8-week-old rats was evaluated using a five-point scale (0, absent; 1, low; 2, low-moderate; 3, moderate; 4, moderate-high; 5, high). We have validated and successfully used this scale in our earlier studies [35] . The total number of TEBs per mammary gland, and the length of the epithelial tree (along a straight line from the nipple, through the lymph node, to the point most farther away from it), was also determined.
Real-time PCR to determine mRNA expression of ER-a, ER-b, BRCA1 and p53
Total RNAs were extracted from mammary glands of 100-day-old rats exposed to physical activity, sham activity or no activity. Frozen tissue samples were placed in 1 00 9 1 00 plastic bags, pulverized on dry ice, transferred to 35 ml conical Oakridge tubes (Nalgene, Rochester, NY), and weighed. Tissues were homogenized in 1 ml of TRIzol Reagent (Invitrogen Corporation, Carlsbad, CA) per 50 mg of tissue, using a PowerGen 35 hand-held homogenizer (Fisher Scientific, Pittsburgh, PA), with RNAse-free disposable OMNI-Tips (Fisher Scientific) for 30 s. From this point, procedures were followed according to manufacturer's instructions for TRIzol Reagent. The quantity and quality of RNA was measured by comparing the optical density rations (OD 260 /OD 280 ) obtained using a Beckman DU640 Spectrophotometer (Beckman, Fullerton, CA).
Total RNA was processed using the RNeasy mini kit (Qiagen, Inc., Valencia, CA) as per manufacturer's instructions. cDNA was reverse transcribed from 100 lg/ml of total input RNA using Taqman Reverse Transcription Reagents as described by the manufacturer (Applied Biosystems, Foster City, CA). Next, PCR products were generated from the cDNA samples using the Taqman Universal PCR Master Mix and Assays-on-Demand (Applied Biosystems) for the appropriate target gene. The 18S Assay-on-Demand was used as an endogenous control. All assays were run on 384-well plates so that each cDNA sample was run in triplicate for the target gene and the endogenous control. Real-time PCR was performed on an ABI Prism 7900 Sequence Detection System and the results assessed by relative quantitation of gene expression using the DDC T method.
Immunohistochemistry to determine changes in protein levels
Formalin-fixed tissue sections (5 lm) obtained from the 3rd thoracic mammary glands of five 100-day-old rats per group were deparaffinized in xylene, hydrated through graded alcohol and incubated with 3% H 2 O 2 for 10 min to block endogenous peroxidases. Non-specific binding was blocked with normal rabbit serum from the Vectastain Elite ABC Kit (Vector Laboratories, Inc.) for 20 min., blocked, incubated with ER-a antibody (1:100) (MC-20, Santa Cruz Biotechnology, CA) or ER-b antibody (1:250) (PA-313, Affinity Bioreagents, Inc, CO), washed, treated with biotinylated goat anti-serum to mouse IgG followed by incubation with Streptavidin-peroxidase conjugate (Dako Cytomation The Ark Kit, Carpinteria, CA). Antigen-antibody complexes were visualized by 3 0 ,3-diaminobezidine and counterstained with hematoxylin stain, dehydrated and mounted. Control slide was incubated with normal mouse serum. The percentage of positive cells was determined by calculating the number of cells that had positive staining (only darked stained cells were counted) per 1000 cells per mammary gland structure (lobules or ducts). Slides were blindly evaluated with help of the Metamorph software.
Cell proliferation
The same formalin-fixed tissues used to determine protein levels were used for cell proliferation assays. Sections (5 lm) were heated overnight at 57°C, rehydrated in graded alcohol, and re-heated in microwave in high power for 10-15 min in 0.01 M citrate buffer (pH 6.0) for antigen retrieval. After cooling the slides in room temperature and washing with PBS, the sections were incubated for 10 min in 3% H 2 O 2 to denature any endogenous peroxidase. Sections were washed again with PBS, exposed to Ki67 antibody (Goat polyclonal IgG, SC-9857, Santa Cruz), and incubated with 20% rabbit serum for over night at 4°C. Sections were then washed and treated with biotinylated rabbit antiserum to goat IgG (Vector laboratories) for 30 min followed by a 30 min incubation with streptavidinperoxidase conjugate (Vectastin ABC Kit, Vector Laboratories). Antigen antibody complex was visualized by incubation with 3,3 0 diaminobenzidine (Vector laboratories). Finally, sections were treated with Gills haematoxyline, stained, dehydrated through graded alcohol, and mounted. To determine the level of cell proliferation, the number of cells showing Ki67 staining was assessed per 1,000 cells in TEBs, lobules and ducts.
Statistical analyses
Results for the data obtained on mammary gland morphology (number of TEBs, density of LAUs, length of epithelial tree) were analyzed with SigmaStat software using one-way analysis of variance (ANOVA), separately at each age studied. Data generated using immunohistochemistry (percent cells positive per 1,000 lobular cells and 1,000 ductal cells per gland) also were analyzed using oneway ANOVA. Where appropriate, between-group comparisons were done using Tukey's multiple comparisons test. Due to the variability in mRNA levels, data obtained using real time PCR were analyzed with non-parametric Mann-Whitney rank test, comparing sham controls to exercised rats. The differences were considered significant if the P-value was less than 0.05. All probabilities were two-tailed.
Results
Weight gain and vaginal opening
The pups were weighed two times a week, starting on the first day of exercise training. The weight gain during the training in the out of room contrals (ORG) (mean ± SEM; 48.6 ± 1.6 g), sham exercise controls (SHAM) (51.2 ± 1.5 g) and exercised rats (EX) (50.1 ± 1.4 g) was similar. Vaginal opening also occurred at the same age in all three groups (data not shown).
Mammary gland morphology
Comparisons of the morphological features of the 3rd thoracic mammary gland showed significantly increased epithelial density of both the alveolar and lobular structures among rats exposed to exercise during prepuberty versus sham-controls. This difference was evident at all three developmental time points (32, 48, 100 days). Alveolar density in the exercise group was significantly higher in the glands obtained from rats at day 32 but not at days 48 or 100 (F(4,26) = 16.39, P \ 0.001) (Fig. 1a) ; at the two older ages highest number of alveolar buds was seen in the sham controls. The density of the lobular structures was higher in the 48-and 100-day old exercised rats than in the sham controls (F(2,26) = 55.89, P \ 0.001) (Fig. 1b) .
The number of TEBs in the exercised rats was reduced, with a significant reduction seen in the 3 rd thoracic mammary glands obtained from 100 -day-old rats, when compared to those in sham-controls (one-way ANOVA at 100 days: F(2,11) = 12.87, P \ 0.002). Similar findings were obtained in the mammary glands of 32-and 48-dayold rats, but the differences failed to reach statistical significance (Fig. 1c) .
Cell proliferation
Cell proliferation was assessed only in the mammary glands obtained from 100-day-old rats. At this age, not differences among the groups were seen (data not shown).
Gene expression
Expression levels of BRCA1 (P \ 0.029), p53 (P = 0.056) and ER-b (P \ 0.029) were significantly up-regulated in the 100 -day-old mammary glands of rats exposed to exercise, as compared to their sham controls (Fig. 2a-c) .
No differences in the expression of ERa were noted between the exercised and sham control rats (Fig. 2d) . Expression of these four genes was not statistically significant in the mammary glands of the non-manipulated control rats and the sham controls (data not shown).
Protein expression ER-a levels, based on immunohistochemistry, were significantly reduced in both the lobules (P \ 0.003) (F(2,10) = 11.52, P \ 0.003) and ducts (P \ 0.001) (F(2,10) = 54.20, P \ 0.001) of mammary glands taken from the exercised rats at 100 days, when compared to the sham controls (Fig. 3a) . Conversely, ER-b levels were Fig. 1 Mammary gland morphology, assessed in mammary wholemounts of the 3rd thoracic mammary gland, of 32, 48 and 100 old rats exposed daily to voluntary treadmill activity between postnatal days 14 and 32. When compared to the sham exercise group, (a) alveolar density is significantly increased in the 32-day-old rats in the exercise group (* P \ 0.001); (b) lobular density is significantly higher in 48-and 100-day old rats in the exercise group (* P \ 0.001); and (c) the number of TEBs is significantly reduced in the 100-day-old rats (* P \ 0.002). Mammary glands from 5 rats per group and age were used significantly elevated approximately three-fold in lobules (P \ 0.028) (F(2,12) = 5.18, P \ 0.024) and up to sixfold in ducts (P \ 0.001) (F(2,12) = 13.52, P \ 0.001) in the mammary glands of 100 -day-old rats exposed to physical activity before puberty versus the controls (Fig. 3b) .
Discussion
To corroborate evidence from human studies which associate exercise during childhood years to reduced risk of obtaining breast cancer [2] , this animal study was designed to identify changes in the mammary glands of rats exposed to voluntary physical activity before puberty onset. The rats were voluntarily running in a treadmill from the time the pups begin to consume food pellets on postnatal day 14 (instead of just nursing) until puberty onset on postnatal day 32. Vaginal opening, characterizing puberty onset, on average takes place on postnatal day 32-34 in Sprague Dawley rats [35] . The study provides one of the first insights into the biological mechanisms that may mediate the protective effect of being physically active during childhood against breast cancer. The mammary glands of female rats which voluntarily exercised during prepuberty were significantly more differentiated and contained fewer of the TEBs than the glands of the sham-control rats. Given that TEBs-these correspond to TDLUs in humans [28] -give rise to the most of the malignant tumors, while differentiated tissue is refractory to a carcinogenic insult [27] , this mammary gland profile is predictive of a reduced risk for breast cancer. Hence, exercise during childhood may confer protection against breast cancer by promoting differentiation of the mammary epithelial tree. No changes in mammary epithelial cell proliferation were noted by prepubertal exercise, but proliferation was assessed only at the age of 100 days when the mammary gland is fully mature and exhibits relatively few proliferating cells.
At the gene and protein expression level, we found that early life exercise reduced the expression of ER-a and increased the expression of ER-b in the mammary glands of adult rats. Since activation of ER-a induces proliferation of mammary epithelial cells, while ER-b inhibits the effects of ER-a and induces differentiation [30, 31] , the effects of exercise before puberty onset on these two receptors is expected to cause differentiation in the epithelial tree. This is what we observed took place in the mammary epithelium. Further, ER-a is one of the transcription factors which stimulates TEB formation [36] . Thus, the increased ratio of ER-b to ER-a proteins in the lobules and ducts might have contributed to the lower number of TEBs present in the mammary glands of rats exposed to treadmill exercise before puberty onset.
BRCA1 and p53 may also be involved in affecting mammary gland morphology. Selective disruption of Brca1 in the mammary glands of Brca1 f/f:MMTV-Cre mutant mice leads to impaired TEB differentiation upon an exposure to estradiol and progesterone [37] , and abberant ductal development during pregnancy, lactation and involution [38] . Overexpression of this tumor suppressor, in turn, stimulates lobulo-alveolar development [13] , indicating increased epithelial differentiation. Mice lacking p53 exhibit delayed mammary epithelial involution [39] , implicating that this tumor suppressor also plays a role in mammary gland morphology. It remains to be determined whether the up-regulation of BRCA1 and p53 mRNA in the mammary glands of adult rats exposed to voluntary physical activity before puberty onset participated in affecting their mammary gland development. Fig. 3 Protein levels of ER-a and ER-b in the mammary glands of 100-day-old rats exposed to voluntary treadmill activity during prepuberty, when compared to sham control rats. Data for non-manipulated controls are also shown. Expression was determined using immunohistochemistry, and percentile of positive cells per 1,000 cells per structure (lobules or ducts) per gland (n = 4-5 per group) was counted. Protein levels of ER-a were significantly lower and those of ER-b higher in the glands of exercised rats than in the sham controls: * P \ 0.05-0.001
The significantly elevated expression of BRCA1 and p53 in the mammary glands of 100-day-old rats exposed to exercise prepubertally provides potentially additional molecular markers that may be prognostic of long-term reduced breast cancer risk by exercise. Thus far, genetic identification of germline mutations in the BRCA1 and BRCA2 genes have been used as predictors of inherited breast cancer risk. Li-Fraumeni disease which is characterized by germline p53 mutation also increases the risk of early onset breast cancer. Although somatic mutations are generally extremely rare for BRCA1, but relative common for p53, both are often down-regulated in sporadic breast cancer, perhaps due to promoter methylation of BRCA1 [40] , upstream silencing of the p53 regulator, Hoxa5a [41] , and frequent loss of heterozygosity for both tumor suppressor genes [42] . Our data support the evidence that increased expression of BRCA1 and p53 protect the normal breast tissue from tumor development, since exercise during childhood that is known to reduce breast cancer risk [2] , both induced morphological differentiation and upregulation of BRCA1 and p53.
In the context of prepubertal exercise, BRCA1, p53 and ER-b may provide protection against sporadic breast cancer development through a multitude of pathways and/or mechanisms. Their functions could also converge. Given the striking evidence that BRCA1 functions as a direct binding transcriptional co-regulator of p53 [23, 24] and ER-a (which heterodimerizes with ER-b) [18] , these proteins may be in a multimeric protein complex(es) that is specific to breast epithelium. If so, a reduction in breast cancer risk by exercise during prepuberty may induce sufficient levels of transcripts and subsequent protein levels to form functional complexes that confer protection.
Conclusion
In rats, voluntary exercise before puberty onset decreases the number of targets for malignant transformation and promotes breast differentiation, and when determined in adult mammary gland increases the ER-b: ER-a ratio and up-regulates the expression of BRCA1 and p53. These biological changes might be associated with reduced breast cancer risk in individuals who were physically activity during prepubertal period, and might lead to reduced breast cancer risk also in women who have inherited a mutated BRCA1 gene that pre-disposes them to this disease.
